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摘  要 
 












    为此，我们在我们前期对电子束辐照诱导 SiOx 纳米线以及单壁碳纳米管
(SWCNT)结构不稳定性的研究基础上，选取双壁碳纳米管(DWCNT)作为辐照研





察视场中 SWCNT 和内径与 SWCNT 直径相同的 DWCNT 不稳定性的比较，发
现 DWCNT 增加一层管壁，碳管的收缩速率减慢，稳定性增强。此外，我们在
两端固定 DWCNT 的颈缩过程中还观察到了因管应力或结构不均及管表面污染
引起的 DWCNT 局域优先颈缩向 SWCNT 转变过程。 
以上实验表明，同纳米线以及 SWCNT 一样，表面纳米曲率效应和电子束非



































































Since the discovery of carbon nanotubes (CNTs) by Ljiima in1991, CNTs’ unique 
structure, intriguing properties, and potential applications have attracted much 
attention. Since then, the structures, properties and applications of CNTs have 
extensively studied worldwide. Nevertheless, the existing research has been so far 
based on equilibrium, symmetry, periodicity, and linearity theory of bulk crystalline 
structure or its approximations. Actually, CNTs are in general intrinsically of non 
equilibrium, disorder-like (or amorphous-like), and nonlinearity nature. Therefore, it 
is very possible that the existing research underestimated or neglected the non 
equilibrium, disorder-like (or amorphous-like), and nonlinearity nature of CNTs. The 
existing research has demonstrated that the in-situ electron beam (ebeam) irradiation 
via transmission electron microscope (TEM) is so far the most efficient experimental 
method for studying the structural stability of CNTs: via this method the structure of 
CNTs can be observes in high resolution by the ebeam whereas the structural changes 
or instability and processing of CNTs can be in-situ induced by the ebeam. However, 
the ebeam irradiation effect on CNTs so far reported in the literature have been 
considered or explained in terms of the traditional knock-on mechanism and the 
subsequent atom reconstructions. But the physical mechanisms of the effect of 
curvature at nanoscale (nanocurvature) of the CNT surface and the effect the athermal 
activation of the ebeam irradiation which played the key role have not been 
systematically or extensively explored. 
For the above considerations, on the basis of the previous research on the 
structural instability of SiOx nanowire and SWCNT as induced by electron beam 
irradiation, we further systematically studied the structural transformation of 
double-wall carbon nanotube (DWCNT) and its difference from that of SWCNT 
under electron beam irradiation by our developed in-situ transmission electron 
microscopy observation technique in this thesis. The experiments with the same 
parameters of ebeam irradiation showed that with the increasing irradiation time (or 
electron dose): (1) the straight single DWCNT fixed in both ends shrank in its radial 
direction uniformly; (2) the straight DWCNT with only one end fixed shrank 
preferentially from its free, but the most curved cap end in its axial direction whereas 
its diameter shrinkage was greatly retarded; (3) a direct comparison of the diameter 














with an additional wall, the shrinkage of DWCNT was slower than that of SWCNT 
and thus DWCNT was more stable than SWCNT. Moreover, during the diameter 
shrinkage of the straight single DWCNT fixed in both ends, it was also observed that 
defected or stressed regions and contaminated sites could cause a preferential necking 
of out wall of DWCNT and finally lead to formation of a local SWCNT structure. 
The above experiments further demonstrated that the same as the case of 
nanowire or SWCNT, both the surface nanocurvature effect and the athermal 
activation effect of the ebeam irradiation played the crucial role in the structure 
instability of DWCNT. Nevertheless, with DWCNT, on one hand, its outer wall would 
a barrier for any movement of atoms of its inner wall. On the other hand, the atoms of 
its inner wall would be more thermodynamically instable due to the smaller diameter 
or larger nanocurvature of the inner wall, which would drive the atoms to migrate or 
escape from the defective regions of the outer wall. In doing so, the overall shrinkage 
of DWCNT would be slower. From the above resluts, we further discussed and 
modeled the structure instability of DWCNT in terms of the surface nanocurvature 
effect and the athermal activation effect of the energetic beam irradiation whereby a 
systematic and overall explanation was achieved. In this way, the thesis revealed the 
physical nature of the surface nanocurvature effect of DWCNT and the athermal 
activation effect of the ebeam irradiation. The thesis further confirmed that the 
concepts of nanocurvature and ―phonon‖ mode softening and lose of ―lattice‖ 
instability induced by energetic beam are widely applicable and thus can predict and 
explain structure instabilities and nano processings of various kinds of low 
dimensional nanostructures.  
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例如，B. C. Satishkumar[22]利用电子束分别对 SWCNT和 DWCNT进行了辐照实验,
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不同形态的 DWCNT 在电子束辐照下的不稳定性：（1）两端固定的 DWCNT 结
构不稳定性，包括直径不同的 DWCNT 的结构不稳定性比较，DWCNT 局部结构
转变为 SWCNT，表面附着有非晶态碳颗粒的 DWCNT 结构不稳定性；（2）一端
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